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INTRODUCTION
Immediately after the implantation of an implant into bone a series of critical events occur.
Especially crucial for the new bone formation and the osseointegration of titanium implants is the recruitment of osteogenic cells and their migration, differentiation and adhesion to the surface of the biomaterial 1 .
Osteogenic cells sensitively respond to the topographical, chemical and physical nature of the implant surface 2, 3 , and certain surface properties have been suggested to modulate the outcome of osseointegration 4 . Recent studies further suggest that the formation of a biologically inspired implant surface imparts bioactivity 5 , which has the possibility to accelerate osseointegration and strengthen the bone mineralization properties 6, 7 .
It has been suggested that the homogenous distribution of nanostructures on an implant surface is one of the key factors to enhance the bioactivity 8 , since cells, proteins and several other entities interact at the nano-level 9 . Since the modification of biomaterial surfaces at the nanoscale would in general modify not only the topography, but also the chemistry and other physical properties 10 , it is thought that the biologic responses obtained with such modifications are the result of synergistic effects 11 .
Previously, we have developed an interesting implant surface modification that has maintained the chemistry but altered the nanotopography, namely the mesoporous coated surface 12 .
The mesoporous coating is a thin film of titanium oxide with homogenously distributed nano-pores, which fully cover the base titanium substrate. An interesting feature of this mesoporous surface is that it has the potential to adsorb a higher amount of inorganic ions, and to this followed an increased apatite formation in simulated body fluids compared to its nonporous counterpart 12 . In a study by Harmankaya et al. 13 , the mesoporous titanium coated surface was loaded with different drugs and showed that the surface can indeed function as a drug carrier matrix and accelerate osseointegration 13 . Thus, it can be suggested that the unique nanoporous film has a possibility to be utilized as a host for drugs, proteins, or other chemical substances.
Different surface chemistry modifications have been proposed and investigated, incorporating different chemical substances such as calcium, phosphate, magnesium, or fluoride using different techniques [14] [15] [16] [17] . Among the different elements, the effect of calcium phosphate has been extensively studied and has shown significant biologic responses [18] [19] [20] [21] . Furthermore, it has been suggested that the addition of magnesium to the calcium-containing surface improves the biomechanical bonding to the surface 22, 23 .
Magnesium (Mg) is one of the most important elements in the human body and it is involved in the regulation of numerous biochemical reactions in cells and tissues. For instance, the biological activation of ATP (adenosine triphosphate) depends on Mg binding and the nucleic acid function is modulated by Mg ions 24 . In absence of extra-cellular Mg, osteoblast proliferation and metabolism is impaired because Mg acts as a mitogen factor for cells 25 . Osteoblast-like cell proliferation is significantly reduced concomitantly with the reduction of extracellular Mg 2+ in cell cultures 26 as well as the stimulatory effect of PDGF (platelet-derived growth factor) on cell growth is suppressed 27 . When extracellular Mg-concentrations are too low, an up-regulation of nitric oxide synthase takes place, and subsequent increases of nitric oxide is observed 25 with possible stimulation of osteoclast activity. Conversely, the degree of viable cell coverage on surfaces in presence of Mg ions was found higher, with the increase of Mg doses, although excessively high concentration of Mg was detrimental for cells as well, possibly due to the alkalinity 28 . Magnesiumdeficiency has been correlated to impaired bone growth, skeletal fragility and osteoporosis in rats, probably for an uncoupling of bone proliferation and bone resorption 29, 30 . In addition, the mineral metabolism and the calcification in bone are influenced by Mg ions 31 , which are known to bind at active growth sites during hydroxyapatite crystallization and to hinder the formation of excessively big and perfect crystal that make the bone brittle 32 . Results from in vitro studies have demonstrated higher cell-adhesion on Mg-surfaces, due to an integrin-mediated mechanism [33] [34] [35] and in vivo studies have shown that Mg incorporated implants enhance the mineralization of the newly formed bone 36, 37 .
In the present study, magnesium was chosen as the chemical element to incorporate into the mesoporous TiO 2 surface. The loading of Mg was performed by means of physical adsorption. It was hypothesized that the Mg-release from the mesoporous TiO 2 implants would significantly promote the initial osteoconduction and the interfacial bonding strength of the implants to the bone.
Thus, the implants were inserted in the rabbit tibiae and the effect of Mg incorporation was evaluated biomechanically and histologically after 3 weeks in vivo. The period 3 weeks post implantation in the rabbit model has been used in past studies as to observe relatively early bone healing 38 . 39 Therefore this time frame was chosen to test the hypothesis that the initial release of Mg from the nanostructured surface would influence the surface osteoconductivity and the early phenomena of new bone formation.
MATERIAL AND METHODS

Material preparation:
Forty commercially available threaded titanium implants (Neodent, Curitiba, Brasil) with a diameter of 3.5 mm and a length of 7 mm have been used for this study. All the implants had originally turned surfaces. Mesoporous TiO 2 coating were formed on the implant surfaces using the evaporation induced self-assembly (EISA) method, as previously described 12 . In brief, the Pluronic P123 solution (a triblock copolymer of ethylene glycol 20 -propylen glycol 70 -ethylene glycol 20 ), used as a template, was dissolved in ethanol (99.5%) and then stirred vigorously for 1 h. In a separate vial, another solution containing titanium (IV) tetraethoxide, the inorganic precursor, was mixed and stirred with concentrated hydrochloric acid. The two solutions, with concentrations to obtain a cubic mesoporous structure 40 were then mixed together. The solution was deposited onto titanium implants, a homogenous film was then formed by spin-coating for 1 min at 7500 rpm. The coated implants were kept in room temperature overnight to complete the self-assembly process of the template and to further evaporate solvents. The dried thin films were calcinated for 4 h at 350° C in order to remove the template and increase the cross-linking density of the titania through condensation.
Thereafter, a solution of magnesium-chloride dissolved in Milli Q water (1:99) was prepared and half of the samples were soaked in it for an hour. The liquid in excess was then removed by nitrogen gas and the samples were put in a vacuum oven at 100°C for half an hour.
The rest of the implants, without Mg loading, were used as controls. Twenty-eight of the implants prepared were implanted, while 12 were used for material characterization.
The same procedure was used to apply the mesoporous coating to 6 titanium discs, half of which were loaded with the magnesium-chloride solution.
Material characterization:
Characterization of topography, morphology and chemical composition of the surfaces was performed.
Interferometry:
Surface roughness was investigated with white light optical interferometry, whose principles is described elsewhere 41 . A MicroXAM (ADE Phase shift technology, Inc., Arizona, USA) was used for this experiment and it was set with a 50X objective, a zoom factor of 0.625, a vertical range of measurement of 100 μm and a standard scanning area of 264 X 200 μm. The area of measurement was eventually adjusted to fit the surface shape. Three implants per group were measured and the sampling took place in random areas of 3 tops, 3 valleys and 3 flanks of each implant.
To filter out the waviness and the form from the actual roughness, a Gaussian filter with a size 50 X 50 μm was applied, as suggested in the guidelines from Wennerberg and Albrektsson 41 .
The numerical description of the surface topography was obtained through the software Surface Scan (Somitronic Instrument, Lyon, France) and 4 parameters were chosen (S a , S dr , S ds , S sk ).
Visual figures of the surfaces were obtained with Mountain Map software (Digital Surf, France) and were used for qualitative evaluation.
Atomic Force Microscopy
Atomic force microscopy (XE-100, Park System, Suwon, Korea) was used to evaluate the coated discs at the nanometer level. Three discs per coating type were selected for the analysis and 3 randomly chosen regions were measured on each. The microscope operated at a tapping mode in air and at room temperature and 3 scan areas were acquired for each region (10 X 10 μm 2 , 1 X 1 μm 2 and 500 X 500 nm 2 ). Imaging and parametric calculation were performed after the removal of form and waviness by Gaussian filtering (2.5 X 2.5 μm 2 , 0.25 X 0.25 μm 2 and 125 X 125 nm, respectively for the 3 different scan areas) with the Mountain Map software (Digital Surf, France).
The same parameters used for interferometer analysis (S a , S dr , S ds ), were evaluated.
Scanning electron microscopy (SEM)
Scanning electron microscopy was used to visualize the surface morphology in terms of porosity and coating thickness of the mesoporous matrix. A Leo Ultra55 FEG Instrument (Zeiss, Oberkochen, Germany) was used with an accelerating voltage of 5 kV. An in-lens secondary electron detector was utilized for visualization of the pores and the coating thickness. Micrographs were taken at different areas of the implant surfaces, randomly chosen, and again the measurements were run on 3 samples per group. Different magnifications were applied (ranging from 70X to 200,000 X).
Energy dispersive spectroscopy (EDS)
The implants were analyzed chemically utilizing electron dispersive spectroscopy (EDS).
The acceleration voltage of the electron beam used was set to 12 kV and it was directed to randomly chosen areas of the implant surfaces. The emitted spectra was detected and analyzed by the Oxford Inca EDS system (Oxford, Inc., Oxfordshire, United Kingdom).
Animals and surgical procedures:
The animal trial was conducted under the approval from the ethical committee for animal experiments at the Ecole Nationelle Veterinaire D'Alfort, Masion D´Alfort, France. Adequate procedures were conducted to minimize the animal pain or discomfort.
Ten female New Zealand White (NZW) rabbits weighting between 3 and 3.6 kg were used for this study. Constant perfusion of NaCl 0.9% was performed through venous way during the whole intervention. The rabbits were kept in spontaneous ventilation of 100% of O 2 and gaseous isofluorane 0.5% were added if necessary.
In the tibia of each rabbit a longitudinal incision was made, a full-thickness flap was elevated and the bone was exposed. A sequence of round burs, with diameter from 2 to 3.15 mm, was used at a drilling speed of 1200 rpm to prepare the implant bed. Countersinking was performed with a final drill of 3.5 mm. One implant of the test or of the control group was inserted in each tibia, engaging only the upper cortical bone. In 4 animals, 2 implants of the same group have been placed in each tibia. Primary wound closure was obtained with a resorbable suture (Vycril 3.0).
Each rabbit received the test implants in one leg and the controls in the other, with a randomized allocation of the sample type.
After the surgery, a patch of fentanyl (Duragesic, Janssen Pharmaceutica, Beerse, Belgium )
has been attached to the shaved neck of the animals and was let to diffuse for 3 days. Antibiotic The animal legs were dissected and removal torque test was performed with a manual torque wrench (Tohnichi, Japan). The calibrated instrument was connected to the implant, which was unscrewed until interfacial failure. The instrument displayed the peak resistance to the rotational force in Ncm and that value was assigned as removal torque value of the implant, the moment of force needed to loosen the implants from the bone.
Histological analysis:
In order to examine the new bone formation around the implants, 4 implants per type were retrieved with the surrounding bone and they were processed for histological analyses. The retrieved bone blocks were placed in ethanol 70% for transportation in the laboratory, where they underwent fixation and dehydration. Subsequently, the samples were infiltrated with 2-hydroxyethyl methacrylate light-curing resin (Technovit 7200 VLC; Heraeus Kulzer Wehrheim, Germany) and finally embedded in the same resin.
Non-decalcified sections were then cut with the Exakt saw (Exakt Apparatebau, Norderstedt, Germany) parallel to the long axis of the implant and grinded down to a thickness between 30 and 10 μm following the cutting-grinding technique 42 . The sections were stained with Toluidine blue-pyronin dye and then observed at light microscopy (Eclipse ME600; Nikon, Tokyo, Japan). Histomorphometric measurements were performed using the Image J software (NIH, USA)
for image analyses at magnification of 40X. The parameters observed were:
1) Bone-to-implant contact (BIC, %): percentage of implant surface in direct contact with the bone matrix, measured in the three best consecutive threads;
2) Bone area (BA, %): percentage of the area inside a thread occupied by bone.
Statistical methods:
The statistical analyses were performed with the SPSS software (IBM, Armonk, USA).
Student t-test was used to compare the surface data obtained with the interferometer, in order to examine the difference in surface characteristics produced with the magnesium-loading.
With the same purpose, results obtained with atomic force microscopy were compared using MannWhitney, a non-parametric test, due to the reduced number of measurements (9 per magnification per type of sample).
Wilcoxon signed-rank test was used to compare the removal torque and histomorphometrical values. This test compare the mean of the ranks of the data in the two groups and it was chosen due to the reduced number of samples, which does not allow a robust assessment of the normality of the distribution of the values. In addition, with this test it could be possible to consider the samples in the same animal as related.
For both tests the two-tails level of significance was placed p ≤ 0.05.
RESULTS
Surface characterization
Interferometer
The results are summarized in Table 1 and Figure 1 . They showed that the implant surfaces are rather smooth, with average S a value of 0.2 μm for both test and control surfaces and average S dr values of 13.9% and 9.0% for the test and the control samples respectively. The positive average values of S sk described surfaces with on average more peaks than pits at a microscopic level. The difference in mean of the surface parameters for test and control samples was compared statistically (Student t-test), to detect if the magnesium treatment affected the topography. No significant differences were found for any of the parameters, although a tendency for the test surface to have a greater surface area was noticed.
Atomic Force Microcopy
The reconstructed images are displayed in Figure 2 and the numerical parameters are shown in Table 23 . On both test and the control surfaces the nanostructures appeared to be homogenously distributed. The statistical comparison of the test and control samples served to evaluate the influence of the magnesium adsorption on the nanoroughness. A significant difference was observed between the test and the control surface especially on the smaller scan areas, suggesting that the chemical modification of the surfaces with magnesium changed the nanotopography.
Scanning electron microscopy
The images obtained are shown in Figure 3 . The SEM micrographs displayed a homogenous topography of the surface, with evenly distributed pores with an average pore size of 6 nm. The thickness of the mesoporous layers was measured in a scratched area (Fig 4) and it demonstrated a film thickness of 200 nm. The appearance of the mesoporous surfaces reflected what has previously been described
Energy dispersive spectroscopy.
The spectra of the elements detected on the surfaces are presented as atomic% in Table 3 . The examination confirmed the loading of Mg onto the titanium surface, while the element was not present in the native mesoporous layers. Both the surfaces consisted of Ti and O.
In vivo experimentation
No animals died during the surgery or in the post-operative period and all the animals healed uneventfully. No disabilities in motion were noticed and no infection or flap dehiscence was observed. At the time of dissection, all the implants were in place and no signs of fibrous integration (mobility, lack of stability) or infection were detected. The implants appeared osseointegrated and were well-positioned in the tibiae, surrounded by a restored cortical bone, with no signs of periosteal reaction.
Removal torque test
The values of the removal torque analysis are displayed in Fig. 5 . The mean RTQ values were 21.9 (± 11.2) Ncm for the control group and 34.6 (±12.9) Ncm for the test group and the difference between the two was statistically significant (p=0.012).
Histological results
Rapresentative histological pictures of one test and one control implants are shown in figure   6 .
New bone apposition was observed around all the implants. The newly formed bone tissue, which filled the space between the osteotomy lines, still visible, and the implant surface, showed a high amount of osteocyte lacunae and osteons. Both periosteal and endosteal reactions were observable on most of the implants. The implants were engaged in the bone mostly in the its coronal half, while the lower threads were within the medullar canal.
The mean (± SD) BIC, measured in the three best threads for each implants, was 8.5%
(±3. atomic percent Mg, as demonstrated in an in vitro study applying the same surface preparation 46 , which corresponded to the above-discussed previous investigations 15, 45 .
Sul and colleagues utilized the term "biomechanical bonding" to described the stronger interface between the thicker oxide layer of Mg and the bone, although it is still difficult to discriminate the role of the surface chemistry and that of the surface topography in the bone healing. In the in vivo study by Kang and colleagues 47 a superior behavior of Mg-incorporated implants was not observed, while, on the contrary, laser-etched implants showed a higher interfacial strength and bone-to-implant contact. However, the surface roughness of the laser-treated implants was significantly higher than those of the Mg-treated implants, which had also a significantly smaller developed area. The biomechanical interlocking with the highly porous and rough surface may be the reason why the rougher implants outperformed the Mg-incorporated smooth implants in that study and a positive effect of the biochemical bonding could not be observed.
In the current investigation, Mg was added onto smooth surfaces (S a 0.2 μm and S dr 9-13%) and apparently, did not affect the surface roughness on the microscopic level, as shown by the similarity of interferometer data between the test and the control samples. The only value that showed an increasing trend for test surfaces was the S dr . This could be attributed to the difference in oxide thickness, which is a commonly observed on Mg-doped surface due to the calcination process, which is in accordance with previous reports 48 . Thus, it can be suggested that the addition of Mg did not alter significantly the topography at the micrometer level. SEM confirmed this finding, where the test and the control surfaces could not be distinguished apart at any magnification.
Of particular interest of the surface architecture used in the current study is that it combines an ordered nano-pattern and the possibility to incorporate bioactive elements, which can spur osteoconduction. The nanotopography was studied on both surface modifications with atomic force microscopy and SEM. A significant difference in roughness at the nanoscopic level was observed after the addition of Mg. However the Mg on the top of the surfaces was expected to be release very rapidly, diversely than the Mg adsorbed into the porous network, that is administrated with a sustained release profile. Due to this behavior the attached Mg at the top of the surface and the consequent difference in nano-topography has probably been transient and has had a negligible effect.
It was demonstrated that the Mg-loaded surfaces required significantly higher removal torque to be detached from the bone. Reportedly, in the presence of chemically modified surfaces such as with Mg, the bonding failure during removal torque testing occurred more within the bone than at the bone-implant interface 43 . This is an indication that the chemical effect of the Mg improved the bone mineralization properties, which may strengthen the bone quality.
Moreover, the removal torque values were high also for the control implants (mean values of 21 Ncm). In a recent in vivo study, Jimbo et al. 6 demonstrated that the presence of nanostructures on implant surfaces significantly strengthened the bone mechanical properties in proximity to the implant. A significant influence of nanostructures on bone response was shown also in a recent report from Wennerberg et al. 49 . The authors assessed the degree of biomechanical bonding of surfaces with similar chemistry and microtopography, but different nanotopography and wettability. They observed that the nanotopography had significant influence on the interfacial strength. Hence, the biologic outcome of the current study was a combination of nanostructure of the base substrate, which was further improved with the chemical effects of Mg.
The corresponding histologic evaluation suggested that for both control and test surfaces, the bone healing around the implants after 3 weeks in vivo, presented no signs of major inflammation or the localization of multinucleated giant cells, which may have lead to bone resorption. In general, bone around both surfaces presented an immature woven bone structure and newly formed bone was in close contact to the implant especially in the cortical region. Although the number of samples utilized for the histology was restricted to 4, the mean histomorphomteric values presented that the mean values were higher for the Mg-loaded mesoporous implants. Due to the low number of samples, the statistical conclusions cannot be considered robust, however, the mean values presented are in accordance with the biomechanical outcomes. Thus, it can be speculated that the high removal torque values obtained for the Mg-loaded surfaces is a result of improved bone quality around the implant and more bone attachment to the implant.
Mesoporous is defined as a material having a pore size between 2 and 50 nm 50 . This ordered structure is derived from self-assembly of a structure directing agent and an inorganic precursor.
The various parameters of the reaction (pH, temperature and solvent) and the template/inorganic ratio determine the aggregation structure. In the current study, the reaction parameters and the concentration of reagents were chosen to have a cubic structure, to make sure that pores (6 nm in diameter) are facing out from the surface 12 . Thereby, the incorporated substances can be subsequently released to the surrounding bone tissue. The high pore volume and the high specific surface area of the mesoporous matrix enable the required amount for therapeutic affect of chemical (Mg) to be hosted.
However, the release rate of Mg could be a factor to consider for further improvements.
Mesoporous materials possess features that can tune the release behavior of the active substance, for future studies it would be of interest to optimize the release of Mg from the surface to determine how the biologic effect of Mg incorporation could be maximized.
CONCLUSIONS
In the current study, titanium implants with a mesoporous surface, where Magnesium had been incorporated, show stronger interaction with bone than compared to its control, coated with mesoporous and titania without magnesium, after 3 weeks of healing in rabbit. The RTQ values were statistically significantly higher for the test samples, which are with Mg-loading. The implants were characterized morphologically, topographically and chemically before placement, showing a comparable roughness, a homogenous distribution of nanopores with 6 nm in diameter, the only difference between the test and control group was the presence of magnesium on the test surfaces.
The histological evaluation displayed bone formation around all surfaces. Moreover, a tendency of a higher bone-to-implant contact for the Mg-loaded surfaces was observed.
The performed in vivo study concluded that a local release of magnesium from the implant surfaces enhance the osseointegration at the early stage of the healing (3 weeks), which is highly desirable for early loading of the implant. 
